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ABSTRACT 


The objective of this thesie is to show that an automtic bal~ 
ancing unit ean be designed te reflect belaaced taree~phase currents 
fron single-piaes loads of variable avgnitude and power factor, Such 
& balancing unit war designed, congtiructed, and sueceesfully operated. 
The method employed wee bused upon atatbic schemes whieh utilize 3 
tapped reactor and capecitor., Feedback Leepa were designed to vary 
these balancing resectances in such os way that, for variable single~ 
phase loads, the reflected three-vhase currents were balanced and the 
three-pnase power factor was improved to .864. 

It is considered tat the success of this investigation warrants 
further study and engineering developnent te attain the ultimete ob 
jectives of (1) complete elimination of all moving perta and (2) adap- 


tation of this echeme for single-phase to three-phase power conversion. 
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This thesis deale with « method of automatically reflecting « 
gingle-phare load ao thet it appears ae a balanced three-phase Llosd to 
the pawer supply. 

A balancing unit has been deaiged which will accomplish thie 
purpore with a siniuam mumaber of moving perte and without the use of 
rotating mechinery. Such s unit would heve several applications in 
newal electrical inetellations.*® Un submarines in particular it is 
desired to eliminate roteting ezulpuent for several reasons, the mort 
important being reduction of nolee, maintenance, space, and weight. 

Ligiting, interior communications, redio, radar, fire-coutrel 
eystens, and similer lesde on noval vessele may producd an unbelanes 
in the losde on the three phases of a~e shic's service generaters, by 
moane of the method of symuetrice] components Lit can be shown that un- 
balanced phase currents in a generator vill produce unbalanced terminal 
voltages which can in turn be resolved into « oot of belanced positive 
and negetive sesuence components, The effecte of thie unbelance moy be 
excessive heating of the generator itself or local "hot spots” in the 
windings of induction moters. Thus, if motor capacity is limited by 
the hottest phese of the atator, 2 5 per cent unbalande in the apsliied 
potentials may reduce ite enyeelty by 22 to 39 per conks 

The problem of controlling the effects of unbalanced single-chsee 


leads hue led te the development of severnl types of phase~balancing 


"see appendix fs 
** Reference (1.), De 287 « 
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equipment. Hotating balencere tend te balance the voltages and eurrents 
on @ power system by periodically absorbing and rostering energy to the 
system ueing in this srocese the energy stored by the inertia of moving 
parts, The most important rotating phase-balancere Include the nega- 
tive-seauence enf type, the series impedance type, and the shunt imped- 
ance type with seiies capneitor. 

The preferable method of vhage-balencing 1a to employ some sort 
ef static network, Reference (3.} illustretes several transformer con~ 
nections which only partly accomplish the purpose, Other schemes for 
improving the belance of systems by static means utilise unsymmetrical 
transformer tape or unsyanetrice] trensformer voltogers to balance fixed 
single-phase loads.” However, none of the above methods eliminate the 


negative sequence currents. 


The method of phage-balanecing selected for the 
purpose of thie investigetion conelets of 2 tapped 
reactor and eapscitor. This method wee selected be~ 
cause it lends itself most resdily to autemtic con 
trol for balancing single-phase loads of verlable 
magnitude and power factor, 


The use of such 4 scheme was suggested by two applications in- 
volving s constent losd. Reference (4.) describes 2 unit consieting 
of a tapped reactor and onapacitor which wae designed to balance «a large 
@ingle~phese load to three-phase airoraft inverters. Seference (5.) 
describes a similer unit developed in Grest Britain for use with elee- 
tric welding machines, In both of the shove epplications, the unit 


#@ Reference (2.), PRs 36 2~386. 
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wae designed to balance a pertieular single-phase loady and any depar 
ture from this loading resulted in unbalance of the system. 

It is the object of this thenis, therefore, to investigate the 
possibility of automitically changing the inductance and capacitance 
of euch a unit so that balanced conditions sare always reflected from 2 


single-phase load of varying magnitude and power factor. 
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BAPLANATION QF SRATIC BALARCTHG METHOD 

In order to lend significanes to the various steps in this in- 
vestigation, it firat becomes necessary to show how « tapped reactor 
and capacitor can be used to balance a static iowd. Figure I shows 
the schenatic diegram of such # static balancing unit, and Figure IT 
ghows the corresponding vector diegram drawn to represent belanced con- 
ditions, The single~phagse load ie connected across terminals B and C 
of the three-phase system, The reactor is connected across terminals 
A and B and is tapped througe the capacitor to termine] C, Phase rota- 
tion is apewmed A-KC, From Figure I: 


Ty, = — Tym Ty (1) 
Tye * By ~ Fog © 
Tyg = 1, + 1, (3) 


Under sickciedia conditions: 
| Ty, = Ty, 120° = Ty, (210° 
If we aseume no losses in the balancing unit end the phaes currents 
in phase with the line-to-line voltages, the power into the balancing 


unit must equal the power absorbed by the single-phase load. Referring 
to Figure Il, we oan write: 


By Ty cos 30° =H, I, cos O 


* "4 and I, represent the line-to-neutral voltage and the line current 
of & Yc ted three-phase systems and I, repregent the load volt- 
age and current. Note that Ry ie thus “the line~to-line voltage of the 
three~phase system. 
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FIGURE Tf 


SCHEMATIC OIAGRAM— STATIC BALANCING UNIT 


Ped dn 
THREE-PHASE o- 


SYSTEM hitb eee 


PHASE 


BALANCING UNIT 


FIGURE Ir 


VECTOR DIAGRAM ES TAT IC ea LANG ie. Cae 


Since v3 By = Es 
V3 H ty +p =H, 2, con 0 
ca 
The capacitor current, L.» ig sgsumed lesding the voltage 2p 

by 90°; while the wegnetising current, Tape is assumed to lag the voltage 
acrogs the reactor by 90°, By use of the superposition principles, the 
net current through the reactor exn be considered ws being made up of 
the magnetising current, a part of the capacitor current, Taos flowing 


between the reactor tap and terminal B, end the remainder of the capacitor 
current, Toy Plowing between the tep and terminal A, 
GRAPHICAL, SUATIC ANALLSIS 

The value of the ospacitor end the reactor (and ite tap position) 
needed to balance any single-phase load was obtained by drawing vecter 
diagrams gimilar to Figure II for various asswaed load conditions. 
In the remeinder of this report, the tapped reactor will be considered 
ag two independent resctora, @.g. the reactor connected between tere 
minal A and the point P will be designated mt while that connected 
between terminal B and point FP will be Boe It con be pean that the 


following equations apply: 


v 
1x,2 (5) 
Ty + gy 
v, 
it,? (6) 
Ty ~ *e2 
¥v 
-j1, = #2 (7) 
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Figure X of Appendix B ehows veotor lagrans draw for several losd 
power Faotoras Figure ITI ehowa how Spy Apoe suid Xy vary with load 


gower factor. 


The next step in the procedurs wap to werlfy sxperinantally the 
results of the graphical static ansiysis. Figure Iil compares onl 
@ulated and measured walues of the balancing reactonces, and substan 
tial agreenent is indiexted. Firure Iv somocres calouleted and measured 
values of phase qurrente under belaneed conditions. Cnleulated values 
are based upon Buetion (4) waich aseumes ne losnee in the beleneing 
waite As was expected, the messured chase currents were lerger than the 
oalenlated values dus to some dissipation in the inductere. 


With the accomplishment of these preliminary stepe, thea next ob- 
jeative wes to design an eutomatie balancing unit, The fundamental 
principle upon whieh our design is Dased oan be stated an follower 

If the values of the balancing reactances, 
Siar and Zoo are continuously adjusted ag that 
the three phase ourrenta are in phase with the Line 
to-Line volteges, balanced phase currents will result. 
By inductive reasoning, es set forth in detell in Appendix B, it oan 
be shown that o shift in any of the three phase currents from ite bel~ 
anced potition recultes is an unbalanced systeng conversely, when the 


* Data for Figures III and IV will be found im Tables I and If of 
Appendix Dy 
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three phase currente are in phase with the line-to-line voltages, bal- 
aneed currents result. hie principle was verified experimentally when 
the dats of Figures IIT and IV was obtained. The balancing reactances 
were adjusted successively until each phase current was in phase with 
ite line-to-line voltage (as indicated by Liseajous Figuree on a CHO 
‘sereen), and it wee noted that this process always sroduced e balanced 
ay stem. 

Stated simply, the problem of designing an autemstic balancing 
unit now becomes @ matter of mxking the balanging reactances change in 
response to phase differences between the phase currents and the line 
te~line voltages. Figure V(a) shows in block diagraa form how ve pro- 
pose to aceesplish thie. The differential and the block E combined 
represent an error sensitive element whose output, Vee ia a function of 
the phase difference between the phase current and the line-to~line 
voltage. Block ? (X) represents a system which causes the balancing 
reactance, X, to change in accordance vith the polarity of 44° Finally, 
the balancing reactance operates to change the phase position of the 
phase current to complete the feadback loop. 

How this system sccomplishes its purpose can be explained ty con~ 
sidering the fxctors which detersine the position of the phese currenta. 
Combining Bauatione (3) and (7) we have: 


ie eS aN tae ¥v 
ig *t,+Ig=t,+ He 
Combining Baustions (2) and (5) and noting thet I, a Toy + Too 
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FIGURE Z 


DETAILS OF PROPOSED BALANCING UNIT 


FEEDBACK LOOP ala 


SELENIUM 
RECTIFIER 


(B) SCHEMATIC. DIAGRAM OF (Vo) BLOCK on A ye) 
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Since the position of point P in Figure II ia a function of the value 
of oil three bslancing reactances, we ean writes 


Tyg = ¥ (ys Sas Bge Bo) 
Lisp = 6 (I> tip hy oe ,) 


Coneaidering Figure II in conjumetion with the «bove equations it can be 
seen thet X, has the preponderent effect upon Tye and that by edjusting 
it alone, we eon chsnge TI, to maintain Lie in phose with V4. This is 
the funetion of Feedback Loop #i. Similerly, Rey hag the preponderant 
effect upon Typ and by adjusting it alone we een change I, to maintain 
Toy in phase vith V,,+ This is the function of Feedbock Loop #2. 

It should be noted thet no feedback loop was exployed to main 
tain Tiga in phase with V..0 Keferring to Figure III we ean sea that 
there in almost e constant ratio between KX, ani X, in the range of 
load power factors between 43 and 8 and that this ratio varies only 
slightly at higher power foctors. in consideration of this fact, it 
wae decided to eliminate the third feedback loop ty coupling the 
resotsnce X,. directly to I, by mesns of a constant gear ratio as shown 
in Figure V(a). 

It should now become obvious that the system functions on the beais 
of « atepeby~step process as the two feedimek Loops contimeously correct 
Xiao Xpns and X, until belanced phase currents ere obteined. 


The error sensitive elesent is « Differential Ualf-VYawe Phase 


Detector whose output voltage, vo is a function cf the phase angle, %, 
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existing between the two input voltages. A detailed explenation of 
this cireuit ie included in Appendix B, An BeC bridge network was en 
ployed to shift the line-to-line voltage by 90° before it was coupled 
to the phose detector reference input. A voltage proportionsal to the 
phase currents wee obtained by inserting 3~ohm resistors in lines 3 and 
C and coupling the volteges acrogs them to the phase detector signal 
input ty means of e traneformer with negligible megnetising current. 

Referring to Figure V(b), control of the 2<phase servo motor is 
aghieved by meane of a combination of relays and selenium reetifiers 
which control one field winding and aske the motor turn in the proper 
direction in response to the polarity of Y5° 

The method used to obtain a variable resetance was to reflect a 
fixed inducter or capacitor from the secondary winding of a Veriec, which 
ie the trade name for an adjustable sute+treneformer. The contact arn 
of the Verise is driven by the servo notor through « step-down gear train. 
The fixed resotance i# thus refleeted to the output terminalre of the 
Variac by the aqguaere of the varlable turns retio. In the preliminary 
invertigations of this thesis, it was prepesed to obtain veriable in 
ductence by meens of « magnetic amplifier whose control winding would be 
excited by the phase detector output voltage. This scheme war subse- 
quently abandoned beceuse of excessive dietortion in the output current 
of the magnetic amplifier. 

A final point in this seetion concerns the mutter of compenaation. 
Tashometrie feedback wag employed to improve the stability of the system 


and provide more perfect followup. The tachometer wag gesred to the 
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LQ 
gnaft of the servo motor, and the voltage genernted wan mbtracted fron 
V,, 86 shown in Figure V(b). 


DATA TAKEN ON AUTOMATIC BALANCING 


The final step in the procedure wan to record the stetie ond 


dynamic performance of the balancing unit which wae designed, Stasdy~ 
 gtete cherecterietios were obteined by recording for each vhage current 
ite magnitude, wiveform, and the Lissajous Figure which resulted between 
the ohace current end ite line-te-~line voltage. Transient response data 
wae obtained by mesne of a bifilar oseillograph which recorded the tran- 
glent nature of the three phase currents when the single-phase lord was 
abruptly chenged. 
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The experimental work undertaken in this investigation confirmed 
the principle that an autometic balancing unit could be designed to 
reflect balanced three~phage currents from a aingle-phase load of vari~ 


able magnitude and power factor. 


STRCuE? DLAGKIM 
Figure VI is a schematic diagram of the balancing unit, Figure 
XIV of Apoendix D shows velues and data for each item of equipment uned. 


Figure VII is « plot of the valuee of the three phase currents 
versus losd power factor for belanced conditions, Table III of Appendix 
D gives the dete for Figure VII, Tabhe IV of Appendix D shows the current 
woveforma ond correspenting Liesajous Figures for the steady-state char 
acteristics of Figure VII, 


Figure VIII shows the transient response of the phase currents to 
(a) & step change from no-losd te full-losd and (b) a step change from 
fullelead te no-load conditions. 

Figure IX showe the translent response of the phase currents to 


(a} 3 atep inereage in lond and (6) a step decresse in load. 
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FIGURE Vir 


TRANSIENT RESPONSE OF BALANCING UNIT 
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(A) NO-LOAD” TORRES AD 
l4 SECONDS 


(BY FULL-LOAD TO WNOsiESAD 


NOTE: ACTUAL CURRENT VALUES 4-13-§1 
ARE GIVEN IN AMPERES. oS 


FIGURE 31x 


TRANSIENT RESPONSE OF BALANCING UNIT 


(A) STEP INCREASE @Or SEOAD 
4 SECONDS 
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(B) STEP DECREAGE MOF LOAD 
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GENERAL 


An analysie of the results will be mede with two viewpoints in 
mind; (1) the power level and (2) the objective of the thesis. Pri~ 
mirkiy, the objective was to design end construct a network which would 
agtually convert three-phase power inte single-phase power, and secondly 
te design the network with a mindmes of moving carts and vaewae tubes. 

Ags stated in the reeults, the primery ebjective wae fulfilled, In 
addition, power factors were Leproved to .866 in the three-phase systen, 
The design of a similar unit to convert single~phare power to three-phage 
pover wag not attempted bet say be pursued furtner. 


The two main components of the balancing unit ore (1) the error 
sensitive element and (2) the meane of evteining warlable reactance 
(Migs VI, Figs XIV). 

The phage detector was satisfactory in every resoeot. Theres vere 
no moving purte in the phase shifter or shase detector, and the diode 
rectifiers could easily be revlaced with selenium rectifiers. The twine 
diode cutout current wee of the orier of 3 ma. More output current at 
this rolnt would have loxded the signal voltage from the smail resistor 
in the line, Greater output ourrent from the detector could hove been 
achieved using current transformers in the line and the selenium reetifiers 
mentioned previously. 

Variable reactance was obtained by the use of a Veriae which refiscted 
its secondary impedance into the elroult by the square of the turns ratio. 
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«The Varia is a relatively inexpensive, ruggedly constructed, variable 


autotransformer with simple, direst setion, requiring little mnintenance. 
A pmall gervo motor was used to physically position the Varina, and there~ 
by introduced moving parts for the first time. The magnetic anplifier 

or sutureble-care reactor ciscussed in the Procedure proved infeasible 
beapuse of the large harmonia content in its output. Ita possible further 
adaptation should not be tgmored. Another voselbility for achieving varij- 
able renctance without moring perte mey be the use of a tap-chonging 
troneformer, the tape being actuated br releye in eecuential order. 

The gervo motor use to position the VYariac was 2 tvo=phare, 4-uett 
motors Alternatively, a omll dee motor would have euffieed., The power 
for the two-phase moter was supplied by eprropriate trensformer arrange. 
mante from the three-phase Lines. fince the error signel from the detector 
wee dee, it wee necessary to control the ae power of the tvoephese motor 
by relaya. (See Appendix C). A moduletor and power amplifier driving one 
phase of the motor we conaidered but oe} iminated beenure of the intro- 
Ouction of veouum tubes. It leter proved necessary to bring vacuum tube 
eaplifiers into the circuit since the enrrent ontout of the detector was 
ineuffielent to actuate the releye used. The use of relaye wae con~ 
tinued, however, in the expectation that at uigher power lovels, the em 
plifiers would be unnecespary, If naplifiestion in needed, mignetic 
omplifiers mey be ueed to ensure the elimination of vacuum tubes 

Fron the neture of the feedback loop ond the characterisation of a 
positional serve with inertia,” the motor output would be oncillatery,. 


Either friction on the sheft or s voltage proportional to motor output 


* Refevenses (7+) and (8.). 
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speed hed to be fed beck to demp the oscillation. The latter (tache- 
metric feedbsok) was enployed and enabled the uve of much greater etatie 
gein in the system. 4 scheme for dynemia breking of the motor shaft in 
the relay deed sone is considers? in Appemdix ¢, 
The suesess of the circult ae constructed is 

believed sufficient te warrent an engineering contract 

for the design and construction of 2 4 te 10 KVA setup, 

Cempsrisone should be made with existing phere converter 

ay stems. 
in this respect it may be noted thet an imoreaus im eywten frequency 
(i.e. 100 cycles) wuld reduce the gise of tho resetors ty the ratio of 


the freauensies. 


Figure VII shows the stesdy—state line currents plotted against 
loud power Poctore. The differences between the theeretioal and ob= 
served balanced currents are due to three effects: (1) phese currente 
not exactly in phace with line-to-line voltages, (2) reetstance loses 
in the inductors and losses in the Yarinc, and (3) harmonies in the 
currants due te non-linear elements or eaturetions Itema (1) and (3) 
have oniy « renctive power effect which is generally less tum the 
original single-ghave reactive load. The tiuee regions of Figere VII 
sorresponding to the shove effects are imiiented on the Graph ee I, I, 
and Tit. 

Region I is caused by the fect thet Ty, 1s not in phace with V,_ 
aa indleeted in Table IV, Appendix 0, In the design of the system, es 
and X, were asgumed to have 2 constant retio, and vere thus coupled to- 


6 
gether, Figure XII(a) indiestes « pronounced departure from thie retioc 
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above load power factors of .6, Deshed curves on Figure VII were ob 
toined by uneoupling eo ans Ke and them mamally «adjusting Bie to 
keep Tl in phage with Vac as indlested by a Lissajous Figure on the 
GRO. If loads are expected? in the region of .& to 1.0 sower fector, 
three separate feedback eireuite should be used to balance the currents. 

Ragion II is what would normally be expected from mich a unit, isee 
the difference between theoreties1] and observed values enpproximetely 
equale the losses of the system. High) inductors oan be easily made 
with higher efficieneles resulting. The brush drop of the Variac may 
be reduced with proper design. The use of relays to control the servo 
moter makes their idling losses nil, and the detector power losses ean 
alge be made negligible. an overall efficiency greater than 90% should 
be easily sttsined. 

hegion ITI is due te the saturation of Xia which oecured at a pover 
factor of about .6. The current rating im the secondary winding of the 
Yariae has been exceeded and thus hursonies have been introduced inte 
the phace currents a2 indiceted in Tabhe IV, Appendix D. Appendix 0 
discusses in more detail the ectual ssturation of ayy and how te prop- 
erly deal the elements to minimise nonlinearities. 


With three feedback loope adjusting Keys K, op and 
Xe end with the proper design ratings of elements, re- 
salte approximating the theoretical curve of Figure Vit 
could be obteined for any operating region of load 


power facter. 
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VAR SIENT RESPONSES 

Figures VIII and IX show the transient response cbteined by apply- 
ing step changes of load, The time scale and rme values of initial and 
finel eurrente are indliested. The current deflection seales were not 
identical due to unequal line resistors end oscillograph gaings 

The no~load currente indleated in Figure VIII could not be detected 
on the ammeters used, but they ghould not be more then the no-load less 
of the three Varines, This is given as 3 withts exch (at 115 ¥) resulting 
in & total no-losd lows of 4.2 mitts (at y vs 


Transitory oscillation«e were of no importence since in every case 
balanced conditions were produced in lese tian 10 sseonds. This response 
time is considered ample when compared with the nature of the expected 
losd fluctuations. ‘én lmprevement in response eould be achleved with 
the use of dynomic bruking a» discussed in appendix 6. 
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Based upon the resulte of thie investigation, it 1s concluded that 
& balancing unit can be deaigned to accomplish automatic three-phase to 
single-phase power conversion with « winiwunm number of moving parts, no 
vacuum tubes, and without the use of reteting machinery. In addition, 
it mey be possible to apply this schese to the conversion of single} 
phese to three-phige powers 


The following ie a list of recommended dmprevementa in the design 
of an automatic bslencing unit with a vlew toward possible engineering 
developments 
1. Selenium rectifiers should replace the vuowunm tube reotifiers in 
the phase detector circuit. 

2. A current trenaformer should be used to couple the line currents 
to the phage detector signal input. 

3. A third feedback loop should be employed to adjust Xa in response 
to the phase error of gy 

4a Control of the two-phase motor may be improved by the echemes 
outlined in Appendix ©. 

5. Magnetic amplifiers may be used to provide any muyplificetion re- 
quired in a developed unit. 

6 The possibility of using eaturable-core recotors or tap~changing 


transformera to obtain variable reactencees should be investigated, 


In addition, it is recommended thet 2 talencing unit of thie type 
be adapted for singlephaes to three-phase power conversion. 
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It is of interest to point out an error ceanon to References 


| 

i, 

(4.) and (5.) whieh will have an important signifleance to one inter 

| ested in geleulating values of i Xo nad Re by means of Reustions 

| (5), (6), and (7). With reference to Figure II, both authors showed 

the locus of point F as a straight line joining A and & Thie would 

be true if the only current through the reactor was the magnetizing 

current, Ty» However, since the reactor current ia made up of a and 

portions of Ip, the voltage acroes the reactors must lead the ragultant 

sarrent by 90° es shown in Figure II. Thies places the locue of point F 

outeide the triangle ABC (see Figure X of Appendix &). Vin is thus the 

vector sum of Vip and Von? the volteges acroas Ay and Xo respectively. 
Failure to recognize thie point would lead to large errors in enl- 


culating the values of reaetances needed to obtain balanced conditions. 


| Although there have been some orobleas in connection with converting 
three-phase to single-phase power on navel surface veaaels, they have 
been solved mitisfactorily without the uee of balancing equipment.” 

The type of balancing unit which we hove designed would have an 
immediate application in fleet type subsaarines for converting single- 
phaee to three-phase power. Gn £8 213-3135 the only a~c power eveilable 
is from three 15 EVA, 63 oyele, single-phase output motor~generstors, 


% References (10.) and (11.). 
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while on 8 313 and up, this power le supplied by from four to six 

12 KVA, GQ-cycls, single~phese output uctor-generator seta, Slectronies 
and ordnance reyairements are euch that rotating auchinery Ls being used 
to mapply approxiustely 6 KVA, 120 volt, three-phase, 0.45 power fsetor 
loads in the firat cane and approximately 2 KVA, 120 volt, three-phase, 
0.5 power fucter loads in the latter, 

On the latest clase of submarines (88 563), three-phase noter 
generator sets supply both three-phase ond single-phase loads. It may 
be thet @ phase telencing unit could be used advantageously to supply 
the single-phase losd. 

‘The Bureau of Ships has reoeived seversl requeste for inforsation 
regarding taree—phave to single-phase power conversion. One was in con~ | 
nection with a portable radio set in which a three-phase gonerstor var 
used to gupply beth three-phase end single-phase power, Another inquiry 
eeneerned a school installation in which « fairly considereble block of 


single-phase power wae needed for the oneration of synearon, 
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In the Preeedure it is steted that the exntomitic balancing unit 
wae designed to Ametion on the principle that a baleneed tares<phase 
lond will be reflected to the source if the chase currents are nsintained 
in phere with the line-to-line voltages. To prove this we mist employ a 
process of inductive reasoning. Referring to Figure II, let us imagine 
the situation which would result if, with the ayatem initially bilanced, 
X, wan suddenly inerensed to eke the magnitude of I, ebout holf that 
shown, Sines the current in line © must equal the vector sum of 5 a and 
Ty Tyo would now lag Vou by a maall angle and become greater in mgni~ 
tude than the vector shown. As@uming teat the renctorm were not ehanged, 
the veetor i, would remain unchanged. Since T, ifs now asller then 
before, both on 
now be saen that Tos will become greater in mignitude and slightiy 


and Ts will algo become @maller in magnitude. It ean 


= 


chenged in direction due to the change in I The magnitude of Ty, will 


a2" 
be slightly deeressed and 1t will now lag 4s by an apprecinble angie. 
Tous we see that all three currents, Typ Topp and Tye heve become un~ 
belenced in magnitude and phase due to shifting only T 4 from ite proper 
position, Applying « similer process of reasoning to & number of dif~ 
ferent casumptions leads to the conclusion stated previously that the 

ay ste will te balanced only if the balancing reactances are adjusted 

#0 thet ench phase current ie in phase with the proper line-to-line 


voltage. 
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FIGURE X 


VECTOR DIAGRAMS FOR GRAPHICAL STATIC ANALYSIS 
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| NOTE: 
| 1.O PER UNIT CURRENT = I, 


|.0 PER UNIT VOLTAGE * Vac = Veg = Vea 7 ; 


IRS SA, 


The ciroult diagram and vector diagram of the chase detector are 
shown in Figure XI. The reference voltage must be shifted 90" to olin 
inate the ambiguity st @.= 0 and also to afford greater sensitivity. 
Thus it can be seem that Lf the signal and reference voltages ere in 
phage (4 = 0), the vectors B, and B, will be equal in mzgnitude, By 
means of the suoothing R-O circuit, direst voltages approximately equal 
to the magnitudes of 5, and g, will be produced at the output terminals, 


Since the polarities of these voltages are opposing, the output voltage, 
Yee will be zero. 

If there is a phase angle, f, between the signal and reference volt 
ages, V, will be related to @ by the equation 

aye ton, * 
eg enn 
T 

which showe that V. is s fumetion of both E, and §. In order to make the 


ae oa oEée ae me ee SE oe ee = 5a at " ay a Rene = ae 


tions 
ee 


error voltage independent of the magnitude of the phase currents, the 
line-to-Line voltuge of the three-phase systes wae used as the reference 


bs a 
mi 
i ; 


voltage; and a voltage proportional to the phase gurrent was intreduced 
66 the signal voltage. 
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Reference (64). 
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FIGURE I 


HALPOWAVE OIFFERENTIAL. PHASE DETECTOR 


Gi) CIHREUtTT DIAGRAM 
Ey 


(b) VEC TOR DIAGRAM 
5: i 

(C) OUTPUT CHARACTERIS Tic 
NOTE: THIS FIGURE 18S BASED 
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ON REFERENCE (6.), ff AL. 


SATURATION OF ty 


To achieve proper retings of the Varine, it is necessary to estxb- 
lish the range of power factors to be encountered, ise. power factors a 
and b of Figure XII(B,), Then the coupled inductor on the Variance is 
x, (for W= 1) and the following relations hold: 


7. = n* {3) 


i, Nei, (9) 

To design the network in order to achieve as high a power factor ap 
possible for balance, Xo wasn purposely made low (60 otms or .33 pets 
for I * 6 ampe). This permitted theoretical balance at « power footor 
of .95, At power factor = .6, however, the per unit Ky required was 


Rod} and with a bare current of .6 amps, the secondary current was .73 sxups 


(See Equations (8) and (9) above), This current 1s rapidly approaching 
the Varlac rating of 1 amp and thue saturation occurred with harmonics 
being introduced (Table IV). 

The maximum current retings of the VYariae can be designed, however, 
to prevent saturation over any range of load power fsctora, If complete 
range of power factors is to be rescned, periodic paralleling of induc} 
tors (i.e. steps of te = 4 or 9) would pereit the current rating of 
the Variee to be of the order of two or three times the theoretical Tys 
and thue materially reduce the required reting of the Variac on Kea 

Xo and Ky have no wide range of resetences when I, is constant, 


and they merely must be of the seme order of current rating as the single~ 
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Three schenes of chbtaining polarity sensitive motor control sre 
shown in Figure XIII, 


Schene I indicates the method used in the balancing circuit as 


@esigned. If a signal has been applied and the motor is running, e de~ 
; eresse of the signal will permit the relay in use te open. Inetend of 


eousting quickly to a stop, the moter continues to run due to ite inertia 
and the single-phase torque of Field A, Sufficient dsmping was present 
so timt this was not a serious objection, tut sehemes II and IIT ehow 
two alternate methods for handling this situation. 
Bcheme Ii coneiets of relay colle similar to seheme I, but the relays 
are double contact arrangements permitting opening end cles@ing of the 
two flelde simultaneously. The method is advantageous since it eliminates 
the single-phase driving torque and slso the no-load loss in Field A. 
Schone I1I uses dynamic braking during the normally-open periods 
of releys #1 and #2 by the use of » third, normally-closed relay which 
otumte Field B, Relay #3 mst in addition be set to open at a lower 
voltage than the normally~open relaye #1 and #2 close, and conversely, 
reluy #3 must clone st = lover voltage then relays #1 and #2 open. Ho 
reotifier ia provided in the coil of relay #3 #iuce 14 must act se indi- 


cated above in response to a signal of either polarity. 
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(i) ALL quantities are per unit. 


4.0 per unit current = t 


1.0 per unit voltage = Vy sna bonkine 


(2) See Figure II for notations 
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(3) This date is plotted on Pigure III (solid lines). 
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(4) Caleuletions were mde using Equations (5), (6), and (7). 
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(1) Circuit Magrems Same se Figure I, vith amneters in series 
with Royo K, no Load, and in phases 4, 8, and OC. 
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Accuraey of phaee measuremant using 0.4.0. was 4 10% at 


low power factors end = 1% at high power fsactore 


hesurcey of balance was affected by the feet that the cowder 
core inductors could only be adjueted in 108 steps. 
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